This paper presents an application of the hardware-inthe-loop-method to a building energy and control system. We focus on investigating the interaction of a real circulating pump with the hydronic network of a virtual building energy and control system. For real-time simulation the building envelope is modelled using the Modelica-based library AixLib. With the presented setup model-based designed control algorithms are tested directly on real hardware. The performance of the presented and implemented setup is evaluated by comparing simulated results with experimental hardware-in-the-loopsimulation data. The main focus of this work is to evaluate the application of the method towards bridging the gap between model-based design and commissioning of energy efficient control for heating ventilation and air conditioning (HVAC) components.
Introduction
There is an ongoing research effort towards developing tools and processes to improve the design of building energy and control systems (BECSs) in order to reduce the environmental impact of existing and future buildings while improving their indoor comfort (Wetter, 2011a) . With the ongoing reduction of the energy demand for heating and cooling of buildings, e.g. better insulation, research is focussing on increasing the energy efficiency of auxiliary HVAC equipment such as circulating pumps. Additional pressure is put on equipment manufacturers by the European Union by introducing mandatory eco-design requirements for energy-using products (EU, 2009 ).
To achieve these efficiency goals is an inherently difficult task as BECS typically are comprised out of heterogeneous components which have to be regarded simultaneously on different temporal and spatial scales (Wetter, 2011a ). An approach to design control algorithms for components of these systems in an integrated way is the application of model-based design methods. Equationbased object-oriented modelling languages, e.g. Modelica, allow modelling these systems consistently (Wetter, 2011a) . In Modelica ready-to-use libraries exist to perform whole building energy simulation for model-based design (e.g. Constantin et al., 2014; De Coninck et al., 2014; Wetter et al., 2014) . However, difficulties occurring during the transition process from design to commissioning stage of model-based control algorithms remain unsolved. The transition process can be time and cost consuming and a feedback of newly generated information to the design process is seldom possible. Increasing circulating pump efficiency is mainly driven by implementing control algorithms into the application controller of pumps, which consider the interaction between the pump and its surrounding BECS. For the case of control algorithms for circulating pumps we observed the following obstacles:
• An error-prone reimplementation of the designed control algorithms is necessary at each iteration, as operating systems and programming languages differ between simulation environments and real hardware application controllers;
• Testing of control algorithms for circulating pumps requires detailed measurements of pump prototypes in test-buildings over time periods of days and weeks.
by coupling simulated and real parts of a system. The HIL-method is well-known in science and technology and several applications based on Modelica are reported, e.g. in automotive, food and microcontroller industries (Winkler and Gühmann, 2006; Gäfvert et al., 2008; Bonvini et al., 2009 ). In the buildings industry the HILmethod is frequently used for testing and commissioning of building control systems (e.g. Xu et al., 2004) . Chen et al. (2012) present a multi-domain test setup to investigate building control and HVAC-systems with simulated boundary conditions. Applying the HIL-method to a circulating pump in the buildings domain is, to the best of our knowledge, a novelty. The contribution aspect of this paper is the presentation of a successful application of the HIL-method to a BECS to investigate control algorithms for HVAC components. By this for the application of a circulating pump,
• model-based designed algorithms may be tested directly on real hardware without reimplementation and
• different building types can be examined on a single hardware setup by using different models.
After the introduction we present a brief description of the HIL-method in section 2. A HIL-concept for a BECS is presented in section 3. Finally, in section 4 we evaluate the performance of an implementation of the HILconcept by a comparison of measured data and simulated results.
Methodology
This section gives a brief overview of the HIL-method. In HIL-simulation real hardware is coupled to virtual components of a system which are simulated in real-time (Maclay, 1997) . The loop comprises of providing the measured behaviour of real components as boundary conditions to virtual models of a system and emulating the simulated reaction at every time step to the hardware components. The HIL-method offers several advantages in its application (Maclay, 1997) . Despite the decreased development times in today´s development cycles it is necessary to keep the established high standards in safety and quality of products and processes. HIL supports and simplifies research and development processes of complex systems by giving the possibility to test components of heterogeneous systems without danger for humans, environment or plants by malfunctioning or unexpected behaviour (Maclay, 1997) . HIL-simulation often is easily applicable as models available from model-based development processes may be reused for HIL-simulation with minor changes. Nevertheless the accuracy of the used models has to be carefully assessed for a successful application of the method. When developing an application of the method it is necessary to evaluate the dynamic performance of the designed emulation facilities to ensure a proper feedback of the simulated behaviour to the real components. A HIL-system can be divided into three parts: simulation, emulation and hardware level (Chen et al., 2012) . At the simulation level models of the virtual components are provided and simulated in real-time. The emulation level actually enables the coupling of real and virtual system components. It includes devices and facilities to measure the hardware behaviour and to emulate the simulated behaviour of the virtual components.
A real-time capable data interface is necessary to exchange data between the data acquisition devices which measure the physical quantities and the simulation environment at run time. At the hardware level real components of a complex system are installed in an emulator.
Application of HIL-Method
In this section we demonstrate the application of the HIL-method to a BECS to investigate control algorithms for circulating pumps. The details and a real setup of a HIL-concept for a circulating pump are presented. With the proposed HIL-setup it is possible to examine the interaction of a real circulating pump in a hydraulic network of a virtual BECS. In our specific case both the model of the BECS and the algorithms for circulating pump control are implemented in one simulation environment. The coupling of the simulation environment and the hardware allows to directly execute the control algorithms on a real pump. A scheme of the realized HILconcept is presented in Figure 1 . We divide the HIL-system in a hardware, emulation and simulation level. At the hardware level a real pump is installed in a hydraulic circuit at a testbench. 
Simulation Level
We choose the Modelica-based library AixLib to model one and multiple family dwellings for simulation in Dymola (Dymola, 2013) . The library is open source and accessible from an online repository (https://github.com/RWTH-EBC/AixLib). We utilize ready-to-use models of the library to describe the building envelope. To model the HVAC and control system we use in this application models from the library described in Müller and Hosseini Badakhshani (2010) . The full details of the used models is not in the scope of this paper. For a detailed description please refer to the mentioned references. The main modelled aspects are:
• Each room model has one air node modelled as a single, perfectly mixed air volume;
• The air volume exchanges heat to its enclosures by convective, conductive and radiative heat transfer;
• A wall model consists of layers with different physical properties each; transient heat conduction through each layer is approximated using a one dimensional approach;
• The model of the heating system consists of radiators with thermostatic valves for each room, pipes, a boiler with night setback and an expansion tank;
• A weather file providing weather data of a typical reference year (TRY) for locations within Germany (DWD, 2013);
• User occupancy, ventilation and infiltration are considered. model-based design of control algorithms for circulating pumps by modifying them for HIL purposes. To clarify the model structure the top level of the simulation model is presented in a scheme in Figure 3 . It comprises of a building envelope and HVAC system model and the weather input. Instead of a pump model two hydraulic boundary conditions (fluid source, fluid sink) are implemented. Together with the building models a TCP\IP-based data interface is implemented and simulated as well as the pump control algorithms. Via the data interface the value for the current pressure difference ∆p, the current volume flow rate of the hydraulic circuit Q, the current set point of the pump y pump and the set point for the motor-driven valve y valve are exchanged at runtime.
The number of equations of the resulting model is typically in the range of ten thousand.
To simulate the described models in real-time we use Dymola with default settings and its capability to synchronize with an external Dynamic Data Exchange (DDE) server for (soft) real-time simulation.
Emulation Level
The emulation system acts as an interface between the real hardware and the virtual components. It performs two tasks: first, it offers facilities to measure physical quantities and transmit the values to the simulation environment; second, it has the capability to convert the simulated values back into real physical quantities (Chen et al., 2012) . In this section we present a solution to emulate the hydraulic boundary conditions and a data interface which couples the LabVIEW-based testbench software (NI, 2015) and Dymola. A scheme of the system is displayed in Figure 4 . We assume negligible temperature drop across the pump and therefore the facilities for the temperature emulation are not discussed here. Figure 4 . Scheme of the testbench setup (DA/SU -data acquisition/ switch unit). Data exchange between LabVIEW and Dymola/Modelica via a TCP\IP-based interface, ∆p -pressure difference, Q -volume flow rate in hydraulic circuit, y valveset point motor-driven valve.
Emulation of Hydraulic Boundary Conditions:
To establish a loop the pressure difference ∆p across the pump is measured for one time step by a differential pressure sensor with precision of 1 % of the measured value and is given to the simulation as input. Then the model is simulated for this time step and the corresponding total volume flow rate Q set of the building is calculated. This volume flow rate needs to be converted into a physical quantity by the testbench. To perform this task we measure the volume flow rate Q in the hydraulic circuit of the testbench by a magnetic flow meter with a precision of 0.5 % of the measured value and a response time of 0.125 s. We implement a feedback control with the simulated total volume flow rate as set point. A PI-controller with limited output implemented from the Modelica Standard Library is used to control the volume flow rate Q through an adjustable, motor-driven valve with a nominal stroke of 5.5 mm, a resolution of 1:100 and a positioning speed of 13.6 mm/s. The dynamic performance of the described volume flow rate control system can be assessed from results of an exemplary step response presented in Figure 5 . Measurements are performed at a sample rate of 1 s. From the results we measure a static deviation of ± 3.5 l\h and a settling time of 200 s. We assess the dynamics and the precision of the system to be sufficient for the considered application. Time constants in thermal systems of buildings are in the range of 1000 seconds which is one magnitude larger than the determined settling time. Step response of volume flow rate control system, Q set -Set point of PI-control, Q -measured volume flow rate in hydraulic system, sampling rate: 1 s.
Socket-Based Data Interface:
A prerequisite of the development of the HIL-testbench is the usage of a proprietary, LabVIEW-based data interface to enable access to the low-level pump control with the possibility to execute model-based designed control algorithms without any reimplementation. A disadvantage of this platform at the point of implementation is that no ready-to-use data interface to exchange data at run time to the simulation environment was available. We followed a straightforward approach and implemented a real-time capable socket-based data interface to enable data exchange with the simulation environment at run time. The data interface is based on the Winsock API (Microsoft, 2015) which allows to exchange character strings via network sockets. The interface is implemented in C and uses a set of functions to exchange character strings using the TCP/IP protocol. To include the additional C code we use the external C construct of Bellmann, 2009; Wetter, 2011b) . We discovered in our application that the own implementation of a socket-based data interface allows a tailored design of the interface featuring a good integration within the proprietary LabVIEW-based software. The developed TCP\IP-based data interface allows exchanging data with sampling rates of up to 100 ms between the simulation and the LabVIEW-based testbench software. We assess the sampling rates of the data interface to be sufficient for the usage in the presented HILsystem.
Hardware Level
The proposed HIL-system is implemented in a real testbench in the labs of WILO SE (see Figure 6 ). The hardware level includes a real pump which is installed in a hydraulic circuit of a testbench. The testbench includes facilities to measure the pressure difference across the pump and the volume flow rate in the hydraulic circuit. It includes an adjustable valve to emulate the hydraulic boundary conditions of the simulated building. Both the simulation in Dymola and the LabVIEW-based software to control the facilities for data acquisition run on a desktop PC placed near the testbench. We use Dymola with default settings and its capability to synchronize with an external Dynamic Data Exchange (DDE) server for (soft) real-time simulation on a Windows 7 (64-bit) platform. The LabVIEW-based software is used to operate the data acquisition and switch unit as well as providing a proprietary interface to the low-level pump motor control. 
Results
To check the plausibility and evaluate the performance of the proposed HIL-setup for a circulating pump we present the results of a comparison between measured data from a HIL-simulation with calculated results of a full simulation in this section. Note, here HIL-simulation relates to a simulation of a building where the simulation is coupled to a real pump and full simulation relates to a simulation where the building is simulated including a model for a pump. In both cases we model a one family dwelling as described in section 3.1.
HIL-Simulation
In this section results for HIL-simulations are presented where a constant and a variable pressure difference control scheme are applied to control the pump. The set point of the pump head is set to 58.84 kPa and 21.083 kPa for the constant and variable pressure difference control scheme, respectively. In this specific test case the outside air temperature is set to -12°C and no solar radiation is considered. These specific boundary conditions are used to calculate the maximum needed power of the heating system. We model occupant actions by a ventilation schedule which assumes that the air is exchanged in every room once in the morning and once in the evening for half an hour. The rooms are ventilated separately with an offset of half an hour. The average air exchange by infiltration is assumed to be 0.5 h -1 over the whole day and during ventilation the thermostatic valves are closed. The set points of the room temperatures and basic parameters of the building model are reported in Table 1 . A night control mode for the heating system is implemented which lowers the feed temperature of the heating medium between 10pm and 6am from 75°C to 46°C. The described boundary conditions apply for both control schemes.
Constant Pressure Difference Control Scheme
The results for a real-time HIL-simulation of a constant pressure difference control scheme for one day are presented in Figure 7 . The measured volume flow rate and pump head in the hydraulic circuit, Q m and H m and the corresponding simulated values Q s and H s of the full simulation are depicted. For better understanding the deviations of the volume flow rates the results of the simulated room temperature T Room and the set temperature T Set for the thermostatic valve of an exemplary room in the lower floor are presented in Figure 9 . Due to the set boundary conditions the volume flow rates Q m and Q s of the building vary between 100 and 800 l/h during the day. Gradients of about 700 l\h 2 occur when the thermostatic valves are reopened after the ventilation phases from 9am to 10am and 6pm to 8pm (see Figure 7 and 9). Oscillations of the head H m are caused by the PI-control yielding a feedback of the Figure 9 and 10 are from the same room.
As the boundary conditions remain equal for the constant and the variable pressure difference control scheme, the trajectories of the volume flow rates Q m and Q s in Figure 7 and 8 show a similar pattern. Of interest are the pump head trajectories H m and H s , shown in Figure 8 , which are lowered from set point 21.08 kPa to about 17.16 kPa from 11am and 6pm where the volume flow rate and respectively the heating demand is low compared to the ventilation times (see Figure 10) . While maintaining the thermal comfort by keeping the room temperature T Room above the set temperature T Set during day time (Figure 10 ), the variable pressure difference control scheme reduces the pump head. This yields a decrease of the amount of energy needed to operate the pump. To compare the measured and simulated values we calculate a root mean squared error and a relative mean error of 14.49 l/h (3.04 %) and 735.48 Pa (3.86 %) for the volume flow rates and pump heads, respectively. 
Discussion
For HIL-simulation specific hardware exists which ensures simulation in hard real-time, e.g. by real-time capable operating systems. The HIL-simulations presented in this work have been conducted on a generic desktop PC running on Windows 7 using the described models (see section 3.1) without other than the reported adjustments. Our findings indicate that with sampling rates and feedback control in the range of seconds, soft real-time simulation is sufficient. This concurs with the findings Gäfvert et al. (2008) . An implication of this is that for the presented application no additional investments in the simulation infrastructure are necessary for HIL. We assume that increasing the complexity of the models, e.g. investigate multiple-family dwellings, will not cause any problems since solutions times for one time step of the building model are well below the sampling time of the HIL-system. In our application the sampling time is limited to one second. This is related to the proprietary LabVIEW-based testbench software, mainly caused by a overhead generated from data handling algorithms in an integrated database. The comparison of simulated results and measured data provide evidence that the solutions for the emulation of the hydraulic boundary conditions as well as the implemented data interface presented in this work show a sufficient performance for the investigated application with calculated mean relative errors less than 4 %. Real hardware signals have a significant impact on the robustness of control algorithms. In Figure 7 simulated results for volume flow rate and pump head are continuous, whereas discrete data acquisition and measurement noise alter the measured signals. In contrast to the transition of model-based designed control algorithms which have not been tested on real hardware, HIL-simulation assisted transition offers the additional benefit to deduce improvements and increase the robustness of model-based designed algorithms as these signals are considered already during the design process and prior to commissioning. The quality of the emulation systems needs to be evaluated carefully to exclude an influence of these devices on the measurements. HIL-simulation in the described context offers the benefit that, in contrast to measurements in real building energy and control systems, the boundary conditions of test scenarios can be chosen freely by the modeller and be reproduced almost equally on a testbench for multiple testing.
Conclusion
In this paper we present the application of the HILmethod to a building energy and control system to investigate circulating pump control. The presented work evaluates how HIL-simulation of building energy control systems using Modelica can be used to bridge the gap between design and commissioning stage of control algorithms for HVAC components, e.g. circulating pumps. We describe in detail the solutions found for the emulation of the hydraulic boundary conditions and a socketbased data interface. HIL-simulations are performed on an implementation of the concept. The quality of implementation is evaluated with results obtained from HILsimulations where a constant and a variable pressure control scheme are applied to the pump. For a comparison of measured data against simulated results we calculate a root mean squared error and a relative mean error of 17.79 l/h (2.40 %) and 307.92 Pa (0.44 %) for the volume flow rates and the pump heads applying a constant pressure difference control scheme, respectively. For results obtained by applying a variable pressure difference control scheme we calculate a root mean squared error and a relative mean error of 14.49 l/h (3.04 %) and 735.48 Pa (3.86 %) for the volume flow rates and the pump heads, respectively. With the HIL-system presented in this paper, obstacles of the transition from design to commissioning stage of circulating pump control are solved at once:
• Model-based designed algorithms are tested directly on real hardware without reimplementation in an application controller;
• The usage of object-oriented model libraries allows to investigate different types of buildings and HVAC systems by exchanging component models on one hardware setup.
If correctly applied cost and time savings are expected for manufacturers as the methodology significantly speeds up and simplifies the transition process. Additionally, the methodology offers the benefit of enabling the feedback of insights to the design process from running newly developed control algorithms on real hardware. A possibility to accelerate the still required reimplementation of the developed algorithms is using automated code generation techniques. HIL-simulation is a additional tool in the transition process. Nevertheless, to complete product development thorough testing and a quality insurance process are still necessary. Results presented in this paper partly rely on proprietary code especially for the HVAC-system models. A future development could comprise of an open source library providing ready-to-use models for HIL of thermal and hydraulic components of building energy and control systems. The methodology of this work has been tested with models for one family dwelling with a limited complexity. Future work could focus on expanding to more complex building models in terms of the number of modelling equations.
